This is a study of the phenomenology of the neutralino dark matter in the so called deflected anomaly mediation scenario. This scheme is obtained from the minimal anomaly mediated scenario by introducing a gauge mediated sector with N f messenger fields. Unlike the former scheme the latter has no tachyons. We find that the neutralino is still the LSP in a wide region of the parameter space: it is essentially a pure bino in the scenario with N f = 1 while it can also be a pure higgsino for N f > 1. This is very different from the naive anomaly mediated scenario which predicts a wino like neutralino. Moreover we do not find any tachyonic scalars in this scheme. After computing the relic density (considering all the possible coannihilations) we find that there are regions in the parameter space with values compatible with the latest WMAP results with no need to consider moduli fields that decay in the early universe.
Introduction
Dark matter still remains one of the main unsolved problem in physics. The common accepted paradigm is the existence of an exotic weakly interacting massive particle (WIMP).
Such a particle has to be found in some extension of the Standard Model (SM) of particle physics. It is well known that supersymmetry is an essential ingredient of a consistent theory beyond the SM and the most studied framework is the MSSM, the minimal supersymmetric extension of the SM. In the MSSM the lightest supersymmetric particle (LSP) is usually a neutralino, which is a good candidate for cold dark matter [1] . The pattern of the soft supersymmetry breaking terms 1 greatly affects the composition and the strength of the dominant interactions of the neutralino. Hence it is very interesting to study the neutralino phenomenology in different supersymmetry breaking scenarios. It is in general very difficult to find a mechanism which is able to generate a suitable soft supersymmetry breaking lagrangian without the need of any fine-tuning. There are essentially three main classes of possible mechanisms which are differentiated by the vehicle which transmits the supersymmetry breaking from the primary "source" to the MSSM fields. The first and most studied scenario is gravity mediation [4] in which the supersymmetry breaking is vehicled by tree-level Planck suppressed couplings. Another widely studied scenario is gauge mediation (GMSB) [5] in which ordinary gauge interactions vehicle the breaking.
The last scenario is anomaly mediation (AMSB) [6] in which supersymmetry breaking is transmitted to the MSSM due to the R-symmetry and scale anomalies. Although very natural, the gravity-mediated schemes have the unwanted feature that in order to be phenomenologically viable they must suppose fine-tuned forms for the superpotential and Kähler potential [6] . On the other hand the gauge-mediated scheme does not have such problem, but it predicts the gravitino as the LSP, which is not the most suitable candidate to constitute dark matter.
The anomaly-mediated models do not have any of the last two undesirable features, since they usually predict the neutralino to be the LSP and any direct gravitational coupling between the primary supersymmetry breaking source and the MSSM to be sup-1 for a recent review about soft supersymmetry breaking lagrangian see [2] and [3] pressed. Anyway the minimal AMSB (mAMSB) scheme predicts some MSSM scalars to be tachyonic and hence there must be some other mechanism to lift their squared masses to positive values. In this paper we consider AMSB models with an additional GMSBlike contribution to the soft terms which makes them tachyon free. Such scheme is called deflected anomaly mediated (dAMSB) [12, 13] . The plan of the paper is as follows: in the second section we give a brief introduction to the minimal anomaly mediated scenario while in the third section we describe the deflected anomaly mediated scenario. In the fourth section we show what kind of supersymmetry breaking terms arise from deflected anomaly mediation leaving to the appendix all the details of the computation. In the fifth section we present the phenomenological implications for dark matter. The last section is devoted to the conclusions.
Anomaly Mediation Revisited
We consider an expansion of the D = 4 supergravity action in inverse powers of the Planck mass (M P ≃ 1.2 × 10 19 GeV). We are only interested in terms that have no Planck suppression and that involve only the vierbein and the complex scalar auxiliary field M of the supergravity multiplet, besides the terms which do not contain any supergravity fields at all. The lagrangian [6] can be written as:
where the Q's are the chiral matter superfields, W is the chiral gauge field strength, b a and ψ α m are respectively the vector auxiliary field and the gravitino field while e is the vierbein determinant. The real function f gives the kinetic term for the Q's superfield while the τ function gives the normalization for the gauge term. We assume for τ the minimal form, i.e. τ ab ∝ δ ab .
The lagrangian in eq. (2.1) is written in the flat space superfield notation [8] , and the spurion chiral superfield ϕ is taken to be
By expanding the function f in powers of M P , and modulo a rigid rescaling of the Q superfields, we can write:
Inserting this last equation into eq. (2.1) and dropping all the scalar curvature, auxiliary vector and gravitino terms we get
This action takes into account the couplings of the matter superfields to the complex scalar auxiliary field M of the minimal supergravity multiplet, which could acquire a nonzero vev in case of supersymmetry breaking. The lagrangian L of eq. (2.4) can be thought of as the effective lagrangian in the flat space limit substituting M with its supersymmetry breaking vev, M → M , and the vierbein determinant with its flat space value, e → 1. In this way, we have a theory which is manifestly invariant under supersymmetry transformations (being written in superspace notation) and in which supersymmetry turns out to be gauge fixed by the condition on the ϕ superfield derived from (2.2). This is the mechanism able to transmit the supersymmetry breaking to the Q superfields, which will be finally identified with the MSSM superfields (on the visible brane). An important remark is that if the superpotential Q had no explicit mass scale, i.e. W ∼ Q 3 , the ϕ dependence in eq. (2.4) could be immediately eliminated through a superfield rescaling:
In this case there would be no tree level communication of the supersymmetry breaking.
However the situation is different at the one loop level because the ϕ superfield cannot be eliminated through the rescaling (2.5). To see how the mechanism works let us start from the action corresponding to eq. (2.4) with W = y 0 Q 3 :
where y 0 is a dimensionless parameter. The classical scale invariance of the action S can be inferred from the absence of explicit mass parameters. The action S is also classically invariant under the R-symmetry, provided that one assigns suitable R-weights to the Q and ϕ superfields. The action of the R-symmetry on a chiral superfield Φ = (A, ψ, F ) of R-weight w Φ is defined by
for real λ. The kinetic term in eq. (2.6) is R-invariant independently of the R-weights of Q and Φ, while the superpotential is invariant if one assigns w ϕ = 2/3 and w Q = 0. With this assignment the gauge kinetic term has 2 w = 2 provided that w Q = 0 and hence it is classically R-invariant.
In order to cancel the ultraviolet divergences, it is necessary to add counterterms, that introduce at least one explicit mass parameter: the ultraviolet cutoff scale Λ U V of the theory. This scale appears also considering the theory as an effective one.
The generic form of the action remains that of eq. (2.6). It has a kinetic term and a superpotential term with the same ϕ † ϕ and ϕ 3 couplings with the auxiliary field of the supergravity multiplet. In addition to the terms in eq. (2.6) the new kinetic and superpotential terms contain new regulating pieces in which the Λ U V dependence is explicit. The scale invariance of the theory is now lost due to the presence of a dimensionful parameter (Λ U V ), while the R-symmetry is preserved because it is determined by ϕ (the only field with nonzero R-weight) which couples to the kinetic and superpotential terms in the same way as at tree level 3 . It can be seen [6] that after the rescaling of the superfield of eq. (2.5) the ϕ dependence does not disappear from the lagrangian unlike in the tree level case.
The field ϕ appears together with the explicit cutoff scale Λ U V :
In the notation of [8] ,
D α V and hence the R-weight of WW is +2, since under Rsymmetry θ → e 2iλ θ,θ → e −2iλθ . 3 See appendix B of [6] for an explicit example of a situation of this kind.
Under the rescaling (2.5), both Q and ϕ acquire an R-weight equal to 2/3 and, at the loop level, the lagrangian obeys the R-symmetry. Introducing the wave function renormalization for the chiral and gauge superfields the lagrangian becomes 4 :
If we turn off the coupling to gravity, i.e. we fix ϕ = 1, the R-symmetry is lost. This is a consequence of the fact that without the coupling to ϕ the R-symmetry is anomalous.
In this way we have shown that the ϕ field cannot be decoupled from the loop level lagrangian through the rescaling of eq. (2.5) as in the case of the tree level lagrangian which does not contain explicit mass parameters. This implies that the supersymmetry breaking effects, which are encoded in the nonzero vev of the θ 2 component of ϕ, are always transmitted at loop level to the matter and gauge superfields.
Deflected Anomaly
In its minimal form the anomaly mediated scenario [6] leads to tachyonic masses for the sleptons (which do not transform under the SU(3) gauge group). Many different solutions to this problem has been proposed [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] but one of the most interesting and elegant relies in considering an additional gauge mediated sector. By introducing N f messengers fields the RGE gets modified in such a way to avoid tachyons at the weak scale.
One of the prediction of the deflected anomaly models is the non universality of the gaugino masses at the GUT scale (even at the messenger scale).
Let us start from the anomaly mediated sector. We assume the setup of [9, 10, 11] with two branes in a D = 5 space-time where the 5 th component is compactified over
The hidden brane is the source of the breaking of supersymmetry 4 Due to the nonrenormalization theorem the trilinear term does not renormalize: all the renormalization effects reduce to only wave function renormalizations and no vertex renormalization (see, e.g., [7, 8] ).
through the (super)conformal anomaly. Such geometrical setup permits to avoid any non gravitational coupling between the fields of the AMSB hidden sector (let us denote them by Σ) and those of the MSSM (let us denote them by Q). Such couplings could lead to phenomenologically dangerous flavor and CP violating effects. Their absence is due to a suppression factor, given by the bulk separation, which multiplies any non gravitational interaction term between an hidden sector superfield and a visible one. Such factors are absent for couplings which arise in a four dimensional space-time.
For example, a Kähler potential defined on the hidden brane
is gravitationally rescaled (actually this is a gravitational redshift) as
where m B is the mass of the non gravitational bulk state that vehicles the interaction across the bulk. The exponential suppression factor eliminates all the phenomenologically dangerous couplings of the form of eq. (3.11), once one assumes that every non gravitational bulk state has a mass quite larger than the compactification scale µ c . We do not need to know the detailed dynamic of the AMSB hidden sector except that the complex auxiliary field M of the four-dimensional supergravity multiplet must acquire a vev M in order to break supersymmetry on the visible brane. Now let us take into account the presence of an extra gauge mediated sector on the visible brane. We assume that in this sector there is a gauge singlet chiral superfield X = (A X , Ψ X , F X ) which is directly coupled to N f copies of messenger chiral superfields Φ i andΦ i , transforming under the fundamentals and anti-fundamentals of the standard MSSM gauge groups. The tree level lagrangian for the X superfield, in a M −1 P expansion, is of the same kind of the one in eq. (2.4), without the gauge kinetic part and with the substitution Q → X. We can write:
where we explicitly separate the part of the superpotential that involves only the messenger superfields, from the part that depends only on X. The coupling of the X superfield to ϕ ensures that the GSMB hidden sector is gravitationally coupled to the supersymmetry breaking source M . At this stage supersymmetry breaking can be transmitted to the GMSB hidden sector at tree level or at one loop level. The former case corresponds, as it was outlined in section 2, to a superpotential W (X) that contains explicit mass scales [12] , while the latter implies W (X) ∼ X 3 or zero [13] .
In this paper we consider a very general scenario in which the superpotential of the gauge hidden sector W (X) contains all the terms with couplings of positive or vanishing mass dimension:
where the c i (i = 1, · · · , 4) are real numbers and F ϕ = − M * /3. We also assume, without loss of generality, F ϕ to be real. In fact this condition could always be satisfied modulo a rigid rotation of the supergravity auxiliary field M.
As in the usual gauge mediation the messenger superfields Φ i andΦ i acquire masses of order A X and a mass splitting of order F X where A X and F X are respectively the vevs of the scalar and auxiliary part of the X superfield. It is exactly the presence of an intermediate threshold given by the X superfield vev which changes the renormalization group equations of the soft terms off the AMSB trajectory. In this way the negative squared masses are no longer present in the spectrum. The main source of supersymmetry breaking is the ϕ superfield 5 We choose the form of the superpotential in such a way to get the right vev for the X superfield. In this way, besides a source of susy breaking for the AMSB we also have a similar one for the GMSB.
Upon substituting ϕ = 1 + F ϕ θ 2 into (3.12) and dropping all the terms involving the messenger superfields we have
where from now on, for the sake of simplicity, F ϕ stands for F ϕ . The lagrangian (3.14)
contains a canonically normalized kinetic terms for the complex scalar A X and for the Weyl fermion ψ X . The equation of motion of the auxiliary field F X is
Substituting eq. (3.15) in eq. (3.14) leads to the on-shell lagrangian:
where V (A X , A * X ) is the scalar potential which in general depends from the superpotential coefficients c i . In our analysis we do not need to know the precise form of this scalar potential. We only assume that the scalar field A X acquires a real vev induced by F ϕ
where ξ is an adimensional parameter and m denotes the typical messenger scale. It is possible to compute the induced vev for F X with eq. (3.15) substituting the corresponding vevs for A X and F ϕ :
We also need to compute the mass of the field Ψ X in order to ensure that the particle associated to this field was not the LSP. From the lagrangian (3.16) we immediately read off the mass term
Soft Supersymmetry Breaking Terms
In this section we describe the pattern of the supersymmetry breaking terms that arises in the deflected anomaly scenario. The MSSM supersymmetry breaking lagrangian can be written as 
It is worth noting that the ϕ dependence enters only in terms with an explicit mass scale, for example Λ U V .
The usual soft supersymmetry breaking terms depend, besides from the terms in (2.2), from
where we have defined
The parameter d indicates how much the RG anomaly mediated trajectory is deflected
The deflection parameter depends on the superpotential parameters
It is possible to consider both the scenarios with d < 0 and d > 0. The scenario in which d < 0 has been explored in [13] and it predicts the LSP to be the fermionic component Ψ X . Thus in our phenomenological analysis we assume from now on d > 0. This scenario is usually termed as positively deflected anomaly mediated [12] . In order to obtain the expression for the soft terms one has to put vevs into eq. (4.21) and then expand in θ,θ powers the wave function renormalizations Z Q and τ . After the rescaling of the superfields Q and W, in order to have their kinetic terms canonically normalized, we are able to read off the soft supersymmetry breaking terms starting from the lagrangian 27) and by matching the result with the lagrangian (4.20). In (4.27) we have expanded the e −V factor appearing in the chiral kinetic term and kept only the zero-th order term. We have also taken into account that the real part of the gauge wave function renormalization is proportional to g −2 , where g is the running gauge coupling. The details of the computation of the soft supersymmetry breaking terms are contained in appendix A and B.
It is interesting to recover the AMSB case. This limit corresponds to d = 1: 28) and the lagrangian becomes
Thus in this limit every effect depending on the high energy theory above the messenger scale m completely decouples and the low energy theory is completely UV insensitive.
Lightest Neutralino and Relic Density
In this section we examine the low energy predictions of this scenario. The boundary conditions for the soft terms are given at the renormalization scale µ = m = ξF ϕ because of the simple form assumed by the RGEs at this scale (see eqs. (B.58), (B.59) and (B.60) in the appendix B). We start with the soft breaking parameters at µ = m and run them down to the weak scale M Z , by using the appropriate renormalization group equations at two loop level [25] . To perform the running we used the ISASUGRA RGE code, which is contained in the ISAJET package [26] . For the computations of all the quantities at the weak scale we used the DarkSUSY code [27] .
As we have already seen the soft term expressions are entirely determined by the two The main result is that the neutralino is the LSP in a wide portion of the parameter space. This is a consequence of the fact that the fermionic component Ψ X of the hidden sector scalar superfield X has a mass of order F ϕ (see eq. 3.19). It is in fact always possible to choose the superpotential coefficients c i in such a way to make the Ψ X arbitrarily heavy.
Moreover the gravitino mass is m 3/2 = F ϕ and all the soft breaking masses are suppressed by the square of the gauge couplings [6] . Thus neither the fermionic component ψ X of the gauge singlet superfield (as in [13] ) nor the gravitino are the lightest supersymmetric particle. The neutralino turns out to be bino-like in almost all of the parameter space In fig. 1 we show the regions in the parameter space already excluded on phenomenological ground, the regions in which the neutralino is not the LSP (either gravitino or stau LSP) and the allowed regions for two different scenarios. In the left panel we fixed tan β = 50, N f = 1 and the messenger scale to ξ = 100. The upper left regions (blue shaded region) is excluded due to the presence of tachyons in the spectrum (that is the minimal AMSB result) while the lower right region (red shaded region) is excluded due to an incorrect electroweak symmetry breaking (EWSB). The yellow shaded region is the region in which the gravitino is the LSP and it is determined by the condition
In the dark gray shaded region the lightest stau is the LSP. The light dark shaded region is excluded by the current accelerator constraints on the Higgs boson masses, b → sγ, slepton masses, etc. In particular we considered the LEP2 lower bound [28] In the right panel of fig. 1 we show the excluded region for a scenario with N f = 2 messenger fields. In this case the tau LSP region is much wider and a new branch of an allowed region opens toward higher values of f /m. We will see in the following discussion that this branch is interesting from the point of view of the neutralino. In general, scenarios with N f ≥ 1 are less constrained by the current accelerator data.
There are only slight changes in the excluded and allowed regions for models with ξ 10. In general the regions that contains tachyons and with no EWSB are much larger than the ξ ≃ 100 case. Models with ξ 1000 exhibit a much wider region in which the gravitino is the LSP and a smaller region with no EWSB.
We also computed the thermal relic density Ω χ h 2 for the neutralino solving the Boltzmann equations in a standard cosmological scenario. We leave the analysis of some non standard cosmological scenario involving the presence of the moduli field associated to the supersymmetry breaking parameter F ϕ for future work. The lightest neutralino is given by the linear combinationχ
whereB andW are the bino and wino fields whileH u andH d are the two higgsinos. We also define the gaugino fraction as
We say that a neutralino is gaugino-like (in particular in our case bino-like) if Z g > 0.9 while is higgsino-like when Z g < 0.1. In all the intermediate cases we denote the neutralino as mixed-like.
We show the results for the N f = 1 scenario in fig. 2 . In the left panel we show the neutralino isomass contours together with the cosmologically favorite regions: models in the red shaded region have a relic density in the 2σ WMAP [29] range Ω CDM h 2 = 0.110 ± 0.014 while models in the green region are in the 5σ range with Ω CDM h 2 = 0.110 ± 0.035.
The blue region denotes models in which the neutralino is really a subdominant dark The results for N f > 1 are shown in fig. 3 . It is worth noting that in this case there is a new branch in the parameter space in the region of high f /m (whose shape in general depends from ξ and tan β) in which the neutralino is a very pure higgsino. In the right panel of fig. 3 we show the higgsino region for tan β = 50 and N f = 4. The cosmologically allowed region is centered around m χ ≃ 1 TeV, that is a quite natural result for a heavy higgsino-like neutralino [30, 31] . This is due the fact that in this case the W + W − channel (through a chargino exchange) and the Z 0 Z 0 channel are no longer suppressed and thus this implies a higher annihilation cross section.
Conclusions
In this paper we showed that in the framework of the deflected anomaly mediated scenario, which solves the problem of the tachyons of the minimal anomaly mediation, the neutralino is still the LSP in a wide region of the parameter space. This is achieved considering the effects of the presence of a gauge mediated sector. While in the standard anomaly mediation the neutralino is wino like, this is no longer true for the scenario discussed here. In fact the neutralino turns out to be a very pure bino or a very pure higgsino depending on the number of messengers N f in the gauge mediated sector. We have also computed the thermal relic density (considering the standard cosmological scenario) and we found that there are regions compatible with the latest WMAP data both for N f = 1 and N f > 1.
A Extraction of the Soft Terms
In this appendix we derive the soft supersymmetry breaking terms starting from the lagrangian of eq. (4.27). Let us start by writing it in a more compact form:
where we have defined the quantities:
After expanding eq. (A.34) around 6 (ρ, σ) and (ρ 2 , σ 2 ) , we can write the lagrangian as
where we have posed:
In eq. (A.41) we have introduced the flavor indices in the kinetic and trilinear superpotential terms for later convenience. In order to extract the soft supersymmetry breaking terms, we need to rescale the Q i and W chiral superfields in such a way that the new kinetic terms are canonically normalized. The suitable definitions are:
Note that the presence of the θ 2 ,θ 2 in δρ, δσ, δρ 2 , δσ 2 implies that the expansion ends at second order. 
In our normalization (which is the same of [8] ) the lowest component of the gauge field
. By dropping the prime on all the fields and by redefining
we finally see that the lagrangian density with canonically normalized kinetic terms contains the following soft breaking interactions:
By comparing with the lagrangian (4.20), we can read off the soft supersymmetry breaking parameters:
Note that we are not providing any solution for the µ problem. Now we derive explicit expressions for the soft breaking parameters in terms of low energy observable quantities.
B Explicit Expressions for the Soft Terms
We need to compute the wave function renormalizations and the gauge couplings at an arbitrary renormalization scale µ of the order of the typical mass of the MSSM particles.
The one loop order RG equation for the running gauge coupling is given by It is important to check that from eq. (B.54), in the limit in which the GMSB-like contribution to the soft terms decouples, we can recover the standard AMSB results for the soft terms. This is easy to verify, since in the decoupling case 7 f /m = F ϕ we get:
which are the standard AMSB results of [6] . In the phenomenological study we are interested in, we give the boundary conditions for the soft terms at the renormalization scale µ = m, which corresponds to the typical messenger mass. At such scale the results 7 See the discussion in section 4. 
